PURPOSE. To examine associations between corneal mechanical thresholds and metrics of dry eye.
C hronic dry eye affects between 5% and 30% of the population aged 50 and above and is one of the most common presenting complaints to eye care professionals. 1 Its primary symptoms include ocular pain, irritation, and blurred vision, and its presence can have a significant impact on the ability to perform common activities such as reading, watching television, using a computer, driving, and professional work. 1, 2 Clinicians use a combination of symptoms and signs to arrive at a diagnosis, as there is currently not an accepted clinical test that can definitively diagnose the disease; therefore, the population of patients with dry eye is made up of heterogeneous subgroups, with a potential mixture of pathophysiological elements. For many patients, standard treatments aimed at correcting aqueous tear deficiency or evaporative deficiency do not eliminate symptoms of dry eye, 3 and studies have shown that measurable tear film parameters do not correlate well with the report and severity of symptoms measured across dry eye patients. [4] [5] [6] Recent data suggest that there may be another underlying mechanism, not directly related to tear dysfunction, that contributes to symptoms of dry eye for at least a subgroup of patients, that is, the presence of corneal somatosensory dysfunction. 7, 8 However, typical testing methods used in routine clinical practice are inadequate to evaluate corneal iovs.arvojournals.org j ISSN: 1552-5783 somatosensory status and to identify subgroups of dry eye patients based on this parameter. Confocal microscopy has been used to image the corneal subbasal plexus; and alterations in corneal nerve morphology, including nerve sprouting and thickening, 9 low density, [10] [11] [12] tortuosity, and beading, 10 have been described in some dry eye patients as compared to controls. This evidence suggests that nerve dysfunction may contribute to dry eye status for some patients. Other groups, however, have not found differences in corneal nerve densities in subjects with and without dry eye. 9 Another emerging method to evaluate neurologic dysfunction within the corneal somatosensory system is quantitative sensory testing (QST). Quantitative sensory testing can be used to quantitatively measure somatosensory function in response to different stimuli. 13 Quantitative sensory testing has been used in research studies for many decades to help understand the physiology of the somatosensory system, and has recently been gaining popularity as a tool for the evaluation and diagnosis of neuropathic pain. 14, 15 Quantitative sensory testing can identify and quantify somatosensory dysfunction, including both hypoesthesias (decreased sensitivity to a stimulus) and hyperesthesias (increased sensitivity to a stimulus). 16 Thus, QST, when specifically applied to the cornea, may aid in identifying neuronal dysfunction contributing to the pathophysiology of the painful manifestations of dry eye.
The Cochet-Bonnet and Belmonte aesthesiometry devices are QST devices that have been used to characterize somatosensory disturbances within the eye. The Cochet-Bonnet aesthesiometer has been applied to patients with dry eye, with some patients displaying reduced sensitivity to mechanical stimuli. 11, 17, 18 In these patients, dry eye signs, such as corneal staining, correlated negatively with corneal mechanical sensitivity, suggesting that patients with more severe signs of ocular dryness had decreased mechanical sensitivity at the cornea. 17 The Cochet-Bonnet device, however, is not ideal for assessing mechanical sensitivity at the cornea because it requires contact with the eye and has a limited range of testing values.
The Belmonte aesthesiometer has also been used to evaluate corneal detection thresholds to mechanical and thermal stimuli, and allows for greater precision than the Cochet-Bonnet device as it has a wider range of testing values and can assess three different modalities (mechanical sensitivity by adjusting air flow, chemical sensitivity using carbon dioxide, and thermal sensitivity by adjusting temperature of stimuli). Of the five studies of patients with dry eye, two found reduced corneal sensitivity to mechanical, chemical, and thermal stimuli compared to controls 10, 19 while three found increased sensitivity to mechanical stimuli (Table 1) . 9, 20, 21 The reason for these equivocal results is unclear, although the heterogeneous nature of dry eye, combined with differences in diagnostic criteria among the studies, may be partly responsible.
In the present study, we had three primary objectives: (1) to evaluate mechanical detection thresholds in our unique population of patients (US veterans with a high frequency of posttraumatic stress disorder [PTSD] and depression) in order to compare this metric with prior dry eye studies; (2) to expand the role of the Belmonte aesthesiometer as a QST instrument for measuring corneal mechanical pain thresholds, a metric that has been used to investigate the functional integrity of the nociceptive system in other chronic pain populations, 7 but not in dry eye; and (3) to determine the utility of pain threshold measures as potential indicators of corneal somatosensory system dysfunction by examining relationships between these thresholds and self-reported symptoms of dry eye and of ocular pain specifically. We hypothesized that mechanical detection and pain thresholds measured on the corneal surface would be significantly related to the severity of self-reported eye pain and dry eye symptoms.
METHODS

Study Population
Patients with normal eyelid and corneal anatomy were prospectively recruited from the Miami Veterans Affairs (VA) Healthcare System eye clinic between October 2013 and January 2015 and underwent a complete ocular surface examination. Patients were excluded from participation if they wore contact lenses; had undergone refractive surgery; used ocular medications with the exception of artificial tears; had human immunodeficiency virus, sarcoidosis, graft versus host disease, or a collagen vascular disease; had an active external ocular process; had had cataract surgery within the last 6 months or undergone any glaucoma or retinal surgery in the past. Informed consent was obtained from all subjects. Miami VA Institution Review Board approval was obtained to allow the prospective evaluation of subjects. The study was conducted in accordance with the principles of the Declaration of Helsinki and complied with the requirements of the United States Health Insurance Portability and Accountability Act.
Measures
Questionnaires. For each individual, demographic information (age, sex, race, ethnicity), past ocular and medical history, and medication information were collected. Medications were categorized into anxiolytics, antidepressants, analgesics, antihistamines, and the gabapentinoids.
Patients filled out standardized questionnaires regarding dry eye symptoms, including the Dry Eye Questionnaire 5 (DEQ5) 22 and the Ocular Surface Disease Index (OSDI). 23 The DEQ5 is a validated, five-item questionnaire that combines patient responses regarding ''eye discomfort'' (frequency and intensity), ''eye dryness'' (frequency and intensity), and ''watery eyes'' (frequency) during the past month. Scores on the DEQ5 can range from 0 to 22, with higher scores indicating greater severity of symptoms. The OSDI is a 12-item questionnaire that assesses the frequency of dry eye symptoms and their impact on function on a 0 to 100 scale, with higher scores indicating greater severity of disease. 23 It has good psychometric properties 23 and has been used in a number of studies of dry eye and quality of life. 24, 25 Pain questionnaires were used to assess for the presence and quality of ocular pain. A numerical rating scale (NRS; score 0-10) was used to assess the ''average intensity of eye pain during the past week.'' The Neuropathic Pain Symptom Inventory (NPSI), 26 modified for the eye, was used to quantify the severity of clinically relevant dimensions of neuropathic pain. This questionnaire was chosen as it has been validated and used in a number of patient populations with various neuropathic pain conditions, [26] [27] [28] [29] [30] though it has not been specifically validated for eye pain. The NPSI consists of 10 scored items that help identify and assess the severity of spontaneous and paroxysmal pain, paresthesias, allodynia, and hyperalgesia. In order to modify the NPSI so that it was relevant to neuropathic ocular pain (NOP), we replaced three of the original questions regarding the severity of allodynia or hyperalgesia caused by (1) light touch, (2) pressure, or (3) contact with something cold on the skin, with questions specific to ocular allodynia or hyperalgesia (eye pain caused or increased by [1] wind, [2] light, and [3] heat or cold). A total NPSI eye score was calculated, along with five subscores (burning spontaneous pain, pressing spontaneous pain, paroxysmal pain, evoked pain, and paresthesia/dysesthesia), as an indication of the severity of neuropathic-like ocular pain.
Regarding mental health indices, symptoms of PTSD were assessed via the PTSD Checklist-Military Version (PCL-M) (score 17-85) 31, 32 and symptoms of depression via the Patient Health Questionnaire 9 (PHQ9) (score 0-27). 33 Ocular QST/Belmonte Aesthesiometry Testing. Mechanical detection and pain thresholds of the central cornea were assessed with a modified Belmonte noncontact aesthesiometer, which was developed based on the original Belmonte instrument (Figs. 1, 2) . 34 The tip of the aesthesiometer (0.5 mm in diameter) was placed perpendicular to, and 4 mm from, the surface of the cornea of the right eye. Stimulation consisted of pulses of air at room temperature (approximately 23-268C) 35 applied to the corneal surface. The method of limits, using ascending series only, was used to measure threshold. We opted to test only one eye (right), as dry eye symptoms are largely present bilaterally, previous testing with the Belmonte aesthesiometer has shown insignificant differences in detection thresholds between the eyes, 36 and we wanted to optimize testing time and minimize patient fatigue. Further justification for testing only one side comes from other studies showing that right-to-left differences in QST measures at other body sites, including mechanical detection and pain threshold, are very small and insignificant. 37 For corneal detection threshold measurements, subjects were presented with a stimulus immediately following a blink, and asked to indicate whether they felt the stimulus by pressing a button. The initial flow rate was set at a level below threshold (50 mL/min for most individuals) and increased by 10 mL/min (with 15-second intervals between stimuli) until the subject stated that he or she felt the stimulus or the maximum allowable flow rate (200 mL/min) was reached. Two ascending series were conducted, and detection threshold was defined as the arithmetic mean of the value at which the subject pressed the button across the two series. To estimate ocular pain threshold, the flow rate was further increased beyond the detection threshold in 10 mL/min increments until the subject reported the stimulus as painful or the maximum allowable flow rate (200 mL/min) was reached. Two ascending series were conducted in this way, and pain threshold was defined as a mean of the two series. All threshold measures were performed during the morning hours by the same operator, with room temperature varying between 738F and 838F and humidity ranging between 38% and 53%. Ocular Surface Evaluation. All patients underwent a standard tear film assessment, 38 including measurement of (1) tear osmolarity (TearLAB, San Diego, CA, USA) (once in each eye)-higher measures indicate greater abnormality; (2) tear evaporation measured via tear breakup time (TBUT; 5 lL fluorescein placed, three measurements taken in each eye and averaged)-lower levels indicate more rapid tear evaporation from the surface of the eye; (3) corneal epithelial cell disruption measured via corneal staining (National Eye Institute [NEI] scale, 38 five areas of cornea assessed; score 0-3 in each, total 15)-higher levels indicate greater abnormality; (4) tear production measured via Schirmer's strips with anesthesia-lower levels indicate decreased tear production; and (5) meibomian gland assessment. Eyelid vascularity was graded on a scale of 0 to 3 (0 none; 1 mild engorgement; 2 moderate engorgement; 3 severe engorgement) and meibum quality on a scale of 0 to 4 (0 ¼ clear; 1 ¼ cloudy; 2 ¼ granular; 3 ¼ toothpaste; 4 ¼ no meibum extracted). Higher values in both categories indicate more abnormal tear parameters.
Statistical Analysis
Statistical analyses were performed using the SPSS 22.0 (SPSS, Inc., Chicago, IL, USA) statistical package. Descriptive statistics were used to summarize patient demographic and clinical information. Normality of distributions was assessed using the Kolmogorov-Smirnov (K-S) test statistic, and nonnormally distributed data were log transformed and/or analyzed using nonparametric statistical tests. Correlations (Pearson and Spearman) were used to evaluate the strength of association between evoked sensory responses on the cornea and severity of dry eye signs and symptoms. Student's t-tests and MannWhitney U tests were used (as appropriate) to evaluate for differences in means between groups. Analysis of covariance was used to evaluate the effect of age on variables of interest. Linear regression analyses with forward selection were used to evaluate the contribution of variables on the variability of dry eye symptoms and ocular pain. We inspected residuals from the linear regression analysis for departures from normality and heterogeneity. In this paper, we opted to give information on all variables being compared as opposed to correcting the P value (e.g., Bonferroni) since the latter methodology has its own limitations. 39 
RESULTS
Study Sample
One hundred twenty-nine veterans with varying dry eye symptoms (none to severe) participated in the study (mean age 64 6 10 years, 93% men). Full demographic characteristics of the study sample are presented in Table 2 .
Distribution of Corneal Detection and Pain Thresholds in Our Population
As measured by the modified Belmonte aesthesiometer, the mean mechanical detection threshold of the central cornea was 101 6 47 mL/min (range, 15-210; median ¼ 90), and the mean pain detection threshold was 171 6 47 mL/min (range, 25-210; median ¼ 200) (Fig. 3) . Of note, 5 individuals did not detect the stimulus at the maximum flow of 200 mL/min, and 49 individuals did not report pain at the maximum value and were assigned a value of 210 to differentiate them from individuals for whom detection and/or pain threshold was reached at the maximum value. Kolmogorov-Smirnov tests of normality revealed that the distribution of detection and pain thresholds was significantly different from the normal distribution, and, as such, both were log transformed. This transformation normalized detection thresholds (based on K-S test) but not pain thresholds; so parametric analyses were used for log-transformed detection thresholds, and both parametric and nonparametric tests were used for log-transformed ocular pain thresholds. Intertrial reliability (agreement between the first and second measurement within a session), as measured by intraclass correlation coefficients (ICC; 1-way random effects), was ''substantial'' (0.81-1.0) 35 for both detection thresholds (ICC ¼ 0.87) and pain thresholds (ICC ¼ 0.88). Measures of detection and pain threshold on the eye were significantly correlated (Pearson r ¼ 0.56, Spearman's q ¼ 0.57, both P < 0.0005).
Relationship Between Corneal Thresholds and Demographics, Medications, and Psychologic Status
Age was positively correlated with log-transformed detection (Pearson r ¼ 0.20, P ¼ 0.01) and pain thresholds (r ¼ 0.14, P ¼ 0.12; Spearman's q ¼ 0.23, P ¼ 0.01). Sex, race, and ethnicity did not significantly affect ocular detection and pain thresholds (Mann-Whitney U test, all P > 0.05). Patients on anxiolytics had lower detection thresholds than those subjects not currently taking anxiolytics (median 80 vs. 100 mL/min, P ¼ 0.02, Mann-Whitney U test), but this effect did not remain significant when adjusting for age (by analysis of covariance). None of the other medications significantly affected threshold measures at the cornea. Self-reported symptoms of depression and PTSD were negatively correlated with log-transformed detection thresholds (r ¼ À0.15, P ¼ 0.09 and r ¼ À0.19, P ¼ 0.03, respectively), and nonsignificantly with log-transformed pain thresholds (r ¼ À0.13, P ¼ 0.15 and r ¼ À0.15, P ¼ 0.18, respectively) after controlling for age. Correlations between self-report measures of ocular symptoms and QST measures, after controlling for age, are presented in Table 3 . Log-transformed corneal detection and pain thresholds were significantly and negatively correlated with measures of dry eye symptom severity (r between À0.17 and À0.20, P 0.05 for all), and with most scores (and subscores) of ocular pain severity. An example of the negative correlation between log-transformed detection thresholds and dry eye symptoms and ocular pain is presented in Figure 4 .
Correlations Between Corneal Thresholds and Ocular Signs
None of the measured signs of dry eye were significantly correlated with log-transformed corneal detection or pain thresholds when controlling for age (Table 4) .
Linear Regression Analysis Models
In order to provide an omnibus evaluation, forward multivariable linear regression models considering age, PTSD, depression, use of anxiolytics and antidepressants, detection and pain thresholds, and ocular signs were performed to evaluate which factors significantly contributed to the severity of ocular pain and dry eye symptom report. Detection and pain thresholds did not remain significantly associated with ocular pain severity assessed by the NRS and NPSI eye total score regression models, when accounting for other factors entered in the model. In both of these models, PTSD score was most strongly associated with ocular pain (R ¼ 0.44 for NRS, R ¼ 0.48 for NPSI eye). When examining the NPSI subscore for evoked eye pain (sensitivity to light/wind/change in temperature), both PTSD score (b ¼ 0.21, SE ¼ 0.03) and corneal pain threshold (b ¼ À0.03, SE ¼ 0.01) remained significantly associated with evoked eye pain and explained approximately 32% of measurement variability (R ¼ 0.57). Evaluation of NPSI-E, Neuropathic Pain Symptom Inventory modified for the eye. residuals revealed that there was no substantial deviation from normality or heterogeneity of variance. Detection and pain thresholds likewise did not remain significantly associated with dry eye severity as measured via the DEQ5 and OSDI when accounting for variability contributed by the above-mentioned factors. Again, PTSD score was the only variable to associate with DEQ5 symptoms (R ¼ 0.45), and both PTSD and depression scores were significantly associated with OSDI scores (R ¼ 0.59).
DISCUSSION
This is the first study to measure corneal pain thresholds using the Belmonte aesthesiometer and to assess the relationship between pain thresholds and primary (non-Sjogren's) dry eye. In this study, we evaluated corneal sensory detection and pain thresholds to mechanical stimuli (air puff) as metrics of somatosensory function and examined relationships between these metrics and signs and symptoms of dry eye and ocular pain. In our unique population, consisting primarily of elderly male veterans, we found that corneal thresholds were negatively associated with the severity of ocular pain and dry eye symptoms (i.e., those with more severe eye pain and dry eye symptoms displayed greater sensitivity to innocuous and to noxious mechanical stimuli on the cornea) but were not significantly correlated with ocular surface parameters traditionally thought to be signs of dry eye. Thus, our results support our hypothesis that corneal somatosensory dysfunction is related to dry eye symptoms for at least a subgroup of patients. 8 There are few instruments available to assess the integrity of the corneal somatosensory system in humans. Cotton-tipped applicators enable simple and fast qualitative assessment. The Cochet-Bonnet aesthesiometer enables quantitative measurement of corneal sensitivity and is widely used. Other methods such as chemical stimulation using capsaicin and thermal stimulation with a carbon dioxide laser are not in wide use. Belmonte et al. 34 developed a noncontact gas aesthesiometer that can be used to quantitatively measure corneal thresholds to a variety of stimuli (mechanical to air flow, chemical to CO 2 , and thermal). Threshold measurements obtained with the Belmonte aesthesiometer have been shown to be reliable across test sessions on different days (ICC for mechanical detection ¼ 0.77). 39 Results from the present study further support the reliability of measurements of mechanical detection threshold (ICC ¼ 0.87 across two measurements collected within the same study session), and provide new information concerning the reliability of mechanical pain thresholds as well (ICC ¼ 0.88).
While not commercially available, standard and modified versions of this instrument have been used by several groups to evaluate detection thresholds to mechanical stimuli in healthy subjects and in dry eye patients. A wide range of mean detection thresholds has been reported in both populations: healthy (59-109 mL/min) 9, 10, 19, 20, 34, 36, 40, 41 and dry eye (35-153 mL/min). 9, 10, 19, 20 This variability likely arises from many factors including demographic differences between populations (i.e., age) and different models and implementations of the aesthesiometer (temperature of air flow, distance from cornea, methodology), among other parameters.
Three previous studies have reported decreased detection thresholds (increased sensitivity) to nonnoxious mechanical stimuli in patients with various dry eye signs and symptoms. 9, 20, 21 Two other studies, on the other hand, reported increased thresholds (decreased sensitivity) to nonnoxious mechanical stimuli in patients with dry eye. 10, 19 Other studies have reported differences by type of stimulus used. For example, fibromyalgia patients (who as a group had higher dry eye symptoms and signs than controls, n ¼ 20) were found to have decreased corneal sensitivity to heat and chemical stimuli but no difference in corneal mechanical sensitivity compared to controls (n ¼ 18). 41 On the other hand, mechanical thresholds significantly differed between dry eye patients with Sjogren's syndrome versus controls while chemical thresholds did not. 9 Similar discrepancies have been found with regard to signs of dry eye as well. 9, 10, 19, 20, 35 For example, corneal staining was negatively correlated with detection thresholds in one study, 20 but positively correlated in another. 19 It is unclear what biologic differences may account for the observed clinical variability.
A potential unifying hypothesis for our findings and that of others is that dry eye represents a heterogeneous condition that includes variable dysfunction of the ocular surface and/or corneal somatosensory system, including neural mechanisms underlying nociception. Different dry eye subpopulations may have different profiles with regard to frequencies and magnitudes of dysfunction in these locations, and this may result in the observed differences in corneal sensitivity testing. Subcategorizing dry eye patients based on the specific mechanisms (e.g., peripheral and/or central dysfunction) has important implications for the diagnosis and treatment of dry eye. For example, patients found to have peripheral abnormalities such as an adverse ocular surface environment (e.g., rapid tear evaporation or decreased production) would likely benefit from therapies primarily targeting ocular surface inflammation and hyperosmolarity, while patients with neuropathic-like ocular pain symptoms, in the absence of ocular surface abnormalities, may benefit from more centrally acting neuromodulators. 42 There is biologic plausibility as to why nociceptive dysfunction (i.e., NOP) may develop in some dry eye patients. Peripheral nerve injury is the typical initiating event, and virtually any ocular surface perturbation (surgery, air pollution, an arid environment) can create ocular surface inflammation and corneal primary afferent neuronal damage. 43 This can lead to a temporary (or prolonged) change in the structure and function of peripheral nociceptors, with altered neuronal nuclear, cytosolic, and membrane signaling mechanisms and increased responsiveness to stimuli. These changes may eventually lead to central nervous system changes (central sensitization) in susceptible patients, at which point pain complaints may no longer display a relationship with ocular surface pathology, but may be attributed to centralized mechanisms. Based on this idea, it is interesting that the evoked-pain subscore of the modified NPSI (i.e., allodynia and hyperalgesia) was the subscore most strongly associated with corneal detection and pain thresholds.
Recently, a large twin study suggested that chronic widespread pain, chronic pelvic pain, migraine, irritable bowel syndrome, and dry eye were heritable common chronic pain disorders with shared genetic factors that influence environmental responses. 44 This finding suggests that nociceptive system dysfunction may be at least partially responsible for the dry eye symptoms reported by some patients. Furthermore, as in our patients, many patients with overlapping chronic pain disorders also have psychiatric comorbidities. 45, 46 As with all studies, our study has limitations, which must be considered when interpreting the study results. First, the study sample consisted of US veterans and may not be generalized to other populations. Specifically, veterans have a higher frequency of mental health disorders such as depression and PTSD compared to the general population. It is well established that depression, PTSD, and pain often coexist. 47 For example, the Medical Outcomes Study reported that patients with depression reported greater bodily pain compared to those without depression. 48 Individuals with PTSD may also have amplified emotional reactions and increased attention when faced with pain-related stimuli, which may lead to an increased sensitivity to painful stimuli. 49 Given these potential confounders, future studies are needed to compare relationships among corneal thresholds, pain intensity ratings, and dry eye symptoms at both ocular and nonocular sites in different populations of patients. Second, all measurements were taken on one day, in the right eye only. Repeated measurements in both eyes and on different days may have given different results. Third, using other emerging techniques to evaluate tear film parameters, such as meniscometry, optical coherence tomography, 50 and interferometry, 51 may have led to more robust relationships between these signs and dry eye symptom report. Fourth, we used only the mechanical portion of the Belmonte aesthesiometer and did not test for chemical and thermal corneal thresholds. Therefore, we cannot generalize our findings to other submodalities of nociceptive system processing outside of mechanical pain.
Despite these limitations, this study is important as it is the first to report relationships between evoked corneal pain sensitivity and measures of ocular pain and dry eye symptom severity. Our findings therefore have potential implications for dry eye diagnosis and treatment. This suggests that, while important, the status of the ocular surface alone is not sufficient to understand dry eye and that corneal somatosensory function and psychologic status must be considered when evaluating a patient with dry eye. More work needs to be done to determine which noninvasive tests can differentiate dry eye patients based on ocular pain sensitivity and which treatment algorithms will be most appropriate in different dry eye patient subgroups.
